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(54) Multicolor interference coating 

(57) Several techniques may be used for forming a 
colored interference filter coating on a substrata such 
as polyester film. The interference filter has two metal 
reflective films, at least one of which is semi-transpar- 
ent. A layer of transparent acrylate polymer dielectric 
between the metal layers completes the interference fil- 
ter, which may be sandwiched between protective lay- 
ers. The dielectric is formed by evaporating an acrylate 
monomer having a molecular weight in the range of from 
1 50 to 600. Preferably the acrylate monomer has a mo- 
lecular weight to acrylate group ratio in the range of from 
150 to 400. The acrylate condenses on the substrate 



and is polymerized in situ for forming a monolithic film 
with a sufficient thickness to produce an interference 
color. In several embodiments different areas of the film 
have different thicknesses for producing different inter- 
ference colors. The thickness of the dielectric can be 
controlled by the amount of monomer condensed, by ei- 
ther controlling the temperature of the condensation sur- 
face or controlling the amount of monomer evaporated 
adjacent a predetermined area of the substrate. Thick- 
ness may also be controlled by condensing a uniform 
layer of monomer and polymerizing the monomer to dif- 
ferent degrees for varying the shrinkage of the film and 
hence the thickness of the film and color. 
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is preferred that the acrylate monomer have a molecular weight to acrylate group ratio in the range of from 1 50 to 400. 
The acrylate is polymerized for forming a film having a thickness sufficient for producing an interference color. At least 
partially reflective coatings are provided on both faces of the polymer film. One of the coatings may be substantially 
completely reflective. 

5 A number of different techniques may be used for forming a predetermined area of the film with a different thickness 

than the adjacent area. For example, controlling the temperature of the substrate to be different in different areas 
controls the efficiency of deposition and, hence, thickness of the deposited film. The film shrinks as it polymerizes and 
one may vary the degree of polymerization in different areas to achieve different shrinkage and, hence, thickness. 
Polymerization of the film may be induced by electron beam or ultraviolet radiation and the degree of polymerization 

10 is controlled by the total exposure to such radiation. Simply depositing the film with different thicknesses in adjacent 
areas is convenient for forming multicolored stripes, for example. 

These and other features and advantages of the present invention will be appreciated as the same becomes better 
understood by reference to the following detailed description when considered in connection with the accompanying 
drawings, wherein: 

75 

FIG. 1 is a fragmentary transverse schematic cross-section of a reflective multicolor interference filter constructed 
" according to principles of this invention; 

FIG. 2 is a transverse cross-section of a multicolor interference filter with adhesive for transfer to another substrate; 

FIG. 3 is a transverse cross-section of a transmission multicolor interference filter; 
20 FIG. 4 is a schematic illustration of coating apparatus for forming a multicolor interference filter; 

FIG. 5 is a schematic illustration of an evaporation nozzle; 

FIG. 6 is a graph illustrating condensation efficiency as a function of temperature; 

FIG. 7 is a fragmentary view of the face of a drum with varying thermal properties; 

FIG. 8 illustrates a color pattern obtained from a drum as illustrated in FIG. 7; 
25 FIG. 9 is a fragmentary view of the face of a drum with recessed areas; 

FIG. 10 is a schematic illustration of additional coating apparatus; 

FIG. 11 illustrates a mask for an electron gun or other radiation source for polymerizing an acrylate film; 
FIG. 12 illustrates a fragment of a moveable mask for a radiation source; 
FIG. 13 illustrates another variety of evaporation nozzle; and 
30 FIG. 14 illustrates another embodiment of interference filter constructed according to principles of this invention. 

FIG. 1 illustrates in fragmentary transverse cross-section a thin film reflective interference filter. It will become 
apparent that this is a schematic illustration where the thicknesses of the various layers of the filter are exaggerated 
for clarity of illustration. 

35 The reflective interference filter is deposited on a sheet substrate 10 having a smooth surface. The substrate is 

typically a thin sheet of material such as polyester, polypropylene or kraft paper. Thin flexible substrates are desirable 
for high speed coating where a roll of the substrate material can be continuously coated in a vacuum apparatus. Clearly, 
with a sacrifice in coating speed, thin films may be coated onto rigid substrates. 

The substrate is first coated with a thin metal layer 11 which is largely opaque and reflective. At least 75% reflectivity 

40 js preferable. Any easily deposited metal may be used for the reflective layer such as aluminum, chromium, nickel, 
nickel-chromium alloy, stainless steel, silver, or the like. Essentially colorless metals are preferred over metals having 
inherent color such as copper. Typically, the opaque reflective metal layer has a thickness in the range of from 200 to 
2000 Angstroms. 

A thin layer 12 of transparent dielectric material is deposited on the reflective layer. The thickness of the dielectric 
45 layer and its index of refraction determine the path length of light through the filter and hence, the color of light reflected. 
As can be seen at the left side of FIG. 1 , a predetermined area of the dielectric layer is formed with a thickness 1, which 
is different from the thickness t 2 of an adjacent area illustrated at the right in FIG. 1 . Both of these thicknesses, t, and 
t 2 are in a range from about 700 to 10,000 A and preferably in a range of from about 800 to 4000 A. Such thicknesses- 
are in a range for producing an interference color from the filter The preferred dielectric material is a monolithic acrylate 
50 polymer as described hereinafter. 

The next layer in the interference filter is a layer 13 of metal thin enough to be semi-transparent. Again, the metal 
layer may be any metal which is conveniently deposited as a thin film such as, for example, aluminum, chromium, 
nickel, nickel -chromium alloy, stainless steel, or silver. Chromium is a particularly preferred material since it can be 
deposited readily with a controlled reflectivity and is resistant to corrosion. The semi-transparent (or semi-reflective) 
55 layer is at least 25% transparent and is preferably about 50% transparent and 50% reflective. Typical thickness of the 
layer is about 50 to 200 A. 

The two metal layers may be deposited by any conventional deposition technique such as vacuum metalizing, or 
sputtering. Generally speaking, it is desirable to prepare the substrate for subsequent coatings by first depositing the 
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Suitable acrylates not only have a molecular weight in the appropriate range, they also have a "chemistry" that 
does not hinder adhesion. Generally, more polar acrylates have better adhesion than less polar monomers. Long 
hydrocarbon chains may hinder adhesion. For example, lauryl acrylate has a long chain that is hypothesized to be 
aligned away from the substrate and hinder polymerization, leading to relatively poor adhesion on most substrates, 
s A typical monomer used for flash evaporation includes an appreciable amount of diacrylate and/or triacrylate to 

promote polymerization. Blends of acrylates may be employed for obtaining desired evaporation and condensation 
characteristics and adhesion, and for controlled shrinkage of the deposited film during polymerization. 

Suitable monomers are those that can be flash evaporated in a vacuum chamber at a temperature below the 
thermal decomposition temperature of the monomer and below a temperature at which polymerization occurs in less 
10 than a few seconds at the evaporation temperature. The mean time of monomer in the flash evaporation apparatus is 
typically less than one second. Thermal decomposition, or polymerization are to be avoided to minimize fouling of the 
evaporation apparatus. The monomers selected should also be readily capable of cross-linking when exposed to ul- 
traviolet or electron beam radiation. 

The monomer composition may comprise a mixture of monoacrylates and diacrylates. Triacrylates tend to be 
is reactive and may polymerize at the evaporation temperatures, but may be useful in blends. Depending on the tech- 
niques used for making a multicolored interference filter, a high or low shrinkage film may be desirable. Generally 
speaking, the shrinkage is reduced with higher molecular weight materials. Blends of monomers with different shrinkage 
characteristics may be employed for obtaining a desired shrinkage. Generally, for good adhesion to a metal film a low 
shrinkage is desirable. 

20 Preferably, the molecular weight of the acrylate monomer is in the range of from 200 to 300. If the molecular weight 

is less than about 200, the monomer evaporates readily, but may not condense quantitatively on the substrate without 
chilling of the substrate. If the molecular weight is more than about 300, the monomers become increasingly difficult 
to evaporate and higher evaporation temperatures are required. 

There are about five monoacrylates, ten diacrylates, ten to fifteen triacrylates and two or three tetraacrylates which 

25 rnay be included in the composition. A particularly good acrylate is a 50:50 blend of TRPGDA and tripropylene glycol 
methyl ether monoacrylate with a molecular weight of about 260 (available as Henkel 8061). 

Exemplayr acrylates which may be used, sometimes in combination, include monoacrylates 2-phenoxy ethyl acr- 
ylate (M.W. 192), isobornyl acrylate (M.W. 208) and lauryl acrylate (M.W. 240), diacrylates dicetylene glycol diacrylate 
(M.W. 214), neopentyl glycol diacrylate (M.W. 212) and polyethylene glycol diacrylate (PEGDA) (M.W. 151) or tetrae- 

30 thylene glycol diacrylate (M.W. 302), triacrylates trimethylol propane triacrylate (M.W. 296) and pentaerythritol triacr- 
ylate (M.W. 298), monomethacrylates isobornyl methacrylate (M.W. 222) and 2-phenoxy ethyl acrylate (M.W. 206) and 
dimethacrylates triethylene glycol dimethacrylate (M.W. 286) and 1 ,6-hexanediol dimethacrylate (M.W. 254). 

As has been mentioned, the nozzle for the flash evaporator typically comprises a slot extending longitudinally 
along the evaporator chamber. In an exemplary evaporator, the nozzle slot may have a width in the range of from 0.75 

35 to 1 mm. The surface of a substrate on which the monomer is condensed may be moved past the nozzle at a distance 
from the nozzle of about 2 to 4 mm. Typical speed of traverse of the substrate past the nozzle is in the order of 150 to 
300 meters per minute. 

FIG. 2 is a fragmentary cross-section of another embodiment of interference filter constructed according to this 
invention. In this embodiment there is a temporary substrate 1 6, such as a polyester film on which there is a thin release 
40 layer 1 7, such as a wax or silicone. A superstate material 1 8 is deposited on the temporary substrate over the release 
layer by a technique such as flash evaporation of an acrylate monomer. The acrylate monomer is polymerized by 
irradiation. 

A semi-reflective metal layer 19 is then deposited on the superstrate. Thereafter, a transparent dielectric layer 21 
of polymerized acrylate is formed as described above. Preferably a predetermined area of the dielectric layer has a 

45 first thickness tj while an adjacent area has a different thickness t 2 . An opaque reflective metal layer 22 is deposited 
over the dielectric. The reflective metal layer 22, dielectric layer 21 and semi-reflective metal layer 19 form an interfer- 
ence filter. A permanent substrate material 23 is deposited on the opaque metal layer. Finally a layer 24 of pressure- 
sensitive adhesive is placed over the permanent substrate. 

This embodiment of interference filter is useful for transfer to a substrate that is not conveniently handled in a 

so vacuum system or for application to small areas. of a larger substrate, such as, for example, marking limited areas on 
currency. When this interference filter is used, the pressure-sensitive adhesive is applied to the desired substrate and 
the temporary substrate 16 is peeled off. This leaves the superstrate 18 exposed and the interference filter is then 
essentially like that described and illustrated in FIG. 1. 

A part of the layers just described may be used without the pressure-sensitive adhesive to form a pigment. In such 

55 an embodiment a thin protective layer of acrylate similar to the superstrate material is deposited over a release layer 
and polymerized. A metal layer is then deposited on the protective layer and a transparent layer of polymerized acrylate 
is formed as described above. A second metal layer is deposited over the acrylate and a final protective layer of acrylate 
is added over the metal. At least one of the metal layers is semi-reflective and both may be semi-reflective. The sandwich 
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'■ ■ - - variety of multicolor patterns. In the schematic illustration of FIG. 12'such a movable mask has apertures 61 in the 
form of stars and windows 62 in the form of rectangles. Just as an example, the star shaped apertures may be semi- 
transparent areas in an otherwise opaque belt. The rectangular windows may be completely transparent. 

Such a mask is moved in synchronism with rotation of the drum and the coating apparatus. An ultraviolet light 41 

5 behind the mask provides full irradiation through the rectangular areas and partial radiation through the star-shaped 
areas. When such a mask is used it is desirable to employ an additional source of radiation (not shown) in series with 
the ultraviolet lamp so that all of the monomer receives at least a minimum level of radiation. 

It will be apparent that in such an embodiment the dielectric layer will have three different thicknesses. Most of the 
area irradiated by another source of radiation has a limited degree of polymerization and hence is relatively thicker. 

10 The full irradiation through the open windows 62 produces rectangular areas on the dielectric filter which are completely 
polymerized and hence shrink to the minimum thickness. The intermediate level of irradiation through the star shaped 
openings 61, produces intermediate polymerization and intermediate thickness. The resulting interference filter has 
three different colors. 

A similar type of mask, having completely open windows in an otherwise impermeable belt, may be moved between 
15 a flash evaporator and the rotating drum. The areas opposite the star and rectangular shaped openings are coated 
with a layer of monomer. Another flash evaporator either upstream or downstream from the one occulted by the movable 
mask, deposits a uniform layer of monomer on the substrate. The resulting different thicknesses of deposited monomer 
are then polymerized for producing a monolithic acrylate film having different thicknesses in different areas, hence with 
a two dimensional multicolor pattern. 
20 Another way of varying the thickness of acrylate monomer on the substrate is by controlling the efficiency of con- 

densation. The efficiency of condensation of the monomer is highly dependent on the temperature of the substrate on 
which the monomer impinges. The effect of temperature depends on the particular monomer. An exemplary indication 
of the efficiency as a function of temperature is illustrated in the graph of FIG. 6. At low temperatures such as close to 
0° C, there is essentially 100% efficiency and all of the monomer condenses. At a somewhat higher temperature, such 
25 as for example, 25° C, little, if any, of the monomer actually condenses on the substrate. It can be seen that in some 
temperature ranges the efficiency of condensation is quite sensitive to relatively small changes in temperature. 

This temperature effect on efficiency of condensation is exploited for producing films with monomer having different 
thicknesses in different areas of the interference filter. A low temperature substrate with high efficiency of condensation 
produces a relatively thicker dielectric layer whereas a somewhat higher temperature area with less efficient conden- 
se sation produces a relatively thinner dielectric layer. A number of techniques may be used for varying the temperature 
of the substrate. 

One way is to employ a movable mask, such as illustrated in FIG. 12 immediately upstream from the flash evap- 
orator which applies the acrylate monomer which becomes the dielectric film. An infrared lamp behind the mask irra- 
diates areas on the substrate which absorb the infrared radiation and are thereby heated. The higher temperature 

35 areas have less efficient condensation and hence a thinner layer of monomer than adjacent cooler areas. 

Because the efficiency of condensation changes rather steeply in the general vicinity of ambient temperatures and 
since the flash evaporation and irradiation tend to raise the temperature of the substrate, it is desirable to refrigerate 
the roll of substrate until it is placed on the pay-out reel in the coating apparatus. It is also desirable to cool the rotating 
drum, such as for example, with chilled water, so that the substrate remains at a low temperature. 

to FIG. 7 illustrates a fragment of the surface of a cooled drum 63 which supports a thin sheet substrate (not shown) 

as it moves through a coating apparatus. A number of ordinary paper stars 64 are glued onto the surface of the drum. 
The substrate wrapped around the drum during coating is in good thermal contact with the drum between the stars. 
Where the paper stars intervene between the surface of the drum and the substrate, the temperature of the substrate 
is higher since the substrate is insulated from the cooling drum. As a consequence of this thermal insulation and 

45 differential thermal pattern, there is a relatively thinner layer of monomer adjacent the stars and a relatively thicker 
layer elsewhere on the substrate. This results in a multicolor interference filter. 

FIG. 8 illustrates the effect achieved in an actual experiment where paper stars were glued on the surface of a 
water-cooled drum. In the area of the star the interference filter produces a gold color with flecks of red or magenta. 
The color, of course, depends on the angle from which the interference pattern is observed. The colors mentioned are 

50 for observation at approximately normal incidence. When viewed at about 45° the color of the star is seen as a blue- 
green color. Surrounding the star is a halo 66 which is a blue or blue-green color. Surrounding the halo is a band 67 
of generally gold color with a reddish hue along the center of the band. The balance of the area of the interference 
filter which was in better thermal contact with the drum is blue or purple in color. It is hypothesized that the band with 
a color resembling that of the star may be due to a half wavelength change in thickness of the dielectric layer. 

55 FIG. 9 illustrates another way of controlling the temperature of sheet substrate. FIG. 9 illustrates a fragment of the 

surface 68 of a water-cooled drum. The surface is covered with a pattern of shallow recesses 69. When the thin sheet 
is wrapped around the drum, it is in good thermal contact with the surface 68, but is spaced apart from the drum surface 
opposite the recesses. The vacuum in the coating apparatus is an excellent insulator, and the areas over the recesses 
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experiencedatemperature change which ^ar^Sl^hT * WaS " C ° ntac ' wi,h ,he drum 

•he color from the -.tant inte^ 

.his issxsxzszz on a r er coo,ed dL have — * ~ 8 . , n 

V a^~ 

screen through which the etoron pass A qre^ter^'fl " V3 ^ n9 C ° ndi,i ° n °' ,he accetera «"9 

Due to the a,,erna„ng h,gh and low flux zones, the degree of polymeLtion o, Ihe acryfc.e differed. In ^ese 
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examples, the polyester film substrate was 50 cm. wide. In one experiment three pink stripes were interleaved with 
three light green stripes. Similarly, alternating blue and gold stripes were produced with a different thickness of dielectric 
layer. By tripling the number of grounding points on the electron gun screen the number of stripes with varying electron 
density was tripled and twice as many narrower color stripes produced. 

s FIG. 14 illustrates another embodiment of interference filter constructed according to principles of this invention. 

In this embodiment color is obtained by having multiple transparent layers which are alternately materials with high 
index of refraction and low index of refraction, respectively. Interference effects due to changes in index of refraction 
between the layers provide color for either a reflective or transparent object. 

Such an object comprises a substrate 90 which may be transparent or opaque as required for a particular appli- 

10 cation. The substrate on which the multiple layers of acrylate are deposited may be either a rigid object or a flexible 
sheet substrate. If desired, a metal layer (not shown) may be applied over the substrate for greater reflectance. A 
plurality of alternating layers of low refractive index material 91 and high refractive index material 92 are deposited on 
the substrate. As pointed out above, the thicknesses of the high and low refractive index materials may be varied in 
different areas of the object to provide different colors, and in any case are appreciably less than one micron. 

is The acrylate employed for depositing the several layers are selected for their compatibility and index of refraction. 

Generally speaking, the fluorinated acrylates tend to have a low refractive index and are suitable for the low index 
layers. An exemplary high index material comprises a bisphenol A diacrylate. It is preferred that the acrylate monomer 
have a molecular weight to acrylate group ratio in the range of from 150 to 400. As few as two layers may be sufficient 
where a hint of color is sufficient. Generally, however, several layers of alternating high and low index of refraction are 

20 employed. 

Although a substantial number of methods for forming a multicolor interference filter, have been described and 
illustrated herein, it will be apparent to those skilled in the art that additional embodiments can readily be devised. 
Other techniques may be used for depositing nonuniform layers of acrylate dielectric for producing desired color pat- 
terns. Similarly, other techniques may be used for controlling shrinkage of a condensed film of monomer by controlling 
25 the degree of polymerization. It is therefore to be understood that within the scope of the appended claims, this invention 
may be practiced otherwise than as specifically described. 



Claims 

30 

1 . A method for forming an interference color coating on a substrate comprising the steps of: 

evaporating an acrylate monomer having a molecular weight to acrylate group ratio in the range of from 150 
to 400; 

35 condensing the acrylate monomer on a substrate as a monomer film; 

polymerizing the acrylate for forming a polymer film having a thickness sufficient for producing an interference 
color; and 

providing at least partially reflective coatings on both faces of the polymer film. 

40 2. A method as recited in claim 1 wherein one of the reflective coatings comprises metal sufficiently thick to be 
substantially completely reflective. 

3. A method as recited in claim 2 wherein the metal coating is between the substrate and the acrylate. 

^5 4. A method as recited in claim 1 wherein both reflective coatings are semi-reflective. 

5. A method as recited in claim 1 further comprising a release layer between one of the reflective coatings and the 
substrate for removing the film and coatings from the substrate. 

50 6. A method as recited in claim 1 further comprising a protective layer over at least one of the reflective coatings. 

7. A method for forming an interference coating on a substrate comprising the steps of: 

evaporating a first acrylate monomer; 
55 condensing the first acrylate monomer on a substrate as a monomer film less than one micron thick; 

polymerizing the acrylate for forming a first polymer film having a first index of refraction; 
evaporating a second acrylate monomer; 

condensing the second acrylate monomer on the first film as a monomer film less than one micron thick; 
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8. A method as recited in claim 7 further comprising the steps of: 
evaporating a third acrylate monomer- 

evaporating a fourth acrylate monomer 9 ,ndex of refrac,i °n; 

evaporating a fifth acrylate monomer 9 me SeCOnd lndex of ^fraction; 

'■ 17" * 'Sol"*" 7 — * «* P*~ "» I- a re**. „, 9 « |o w in , he 

10. A nu ,„ tomhB « mm, ^ „ a ^ ^ 

- ,o, P , Muoina „„„„ ss^- ^rrxs^ir^ a >n - - 

the ad|ac.ra a™ ol the film. S "' ,0,al axposl "" »' '*«a'ioi "<™ »» total exposure of 



^ '««P°-»o,a M renpL W o,maSZure a rre:»r ' "«>™ -«9V o«.rep, „ore lh . 
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19. A method as recited in claim 10 wherein the predetermined area comprises a first plurality of stripes and the 
adjacent area comprises a second plurality of stripes interleaved between the first stripes. 

20. A method as recited in claim 10 wherein the forming step comprises selectively shrinking the thickness of the 
5 predetermined area of the film to a different degree from shrinkage of thickness of the adjacent area of the film. 

21. An interference color filter comprising: 

a first at least partially reflective layer; 
10 a cross I inked transparent aery late layer having a molecular weight to aery late group ratio in the range of from 

150 to 400, the aery late layer having a thickness sufficient for producing an interference color; and 
a second at least partially reflective layer on the opposite face of the acrylate layer from the first reflective layer. 

22. An interference color filter as recited in claim 21 herein one of the reflective layers comprises a substantially com- 
is pletely reflective metal. 

23. An interference color filter as recited in claim 21 further comprising a protective layer of crosslinked acrylate cov- 
ering at least one of the reflective layers. 

20 24. An interference color filter as recited in claim 21 further comprising a plastic film substrate and wherein one of the 
reflective coatings is between the substrate and the acrylate layer. 

25. An interference color filter as recited in claim 21 wherein both reflective coatings are semi-reflective. 

25 26. A multiple color interference filter comprising: 

a substrate; and 

a monolithic acrylate polymer film deposited on the substrate with a sufficient thickness for producing inter- 
ference color, a predetermined area of the acrylate film having a first thickness and a second area of the 
30 acrylate film adjacent to the predetermined area having a second thickness different from the thickness of the 

predetermined area. 

27. A multiple color interference filter comprising: 

35 a substrate; and 

a monolithic acrylate polymer film deposited on the substrate with a sufficient thickness for producing inter- 
ference color, a predetermined area of the acrylate film having a first degree of polymerization and a second 
area of the acrylate film adjacent to the predetermined area having a second degree of polymerization different 
from the polymerization of the predetermined area. 
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